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Abstract: Electrokinetic mining (EKM) is a novel method for rare earth element (REE) mining that
can achieve green and efficient recovery of REEs. However, as yet, there is no accurate model for
describing the electrokinetic transport of REEs in weathering crusts, and this hinders the wider
application of EKM. The conventional model fails to capture the microscale transport physics occur-
ring in the nanochannels that exist ubiquitously in weathering crusts. Consequently, the existing
models cannot distinguish the mobilities of different REEs. Here, we report a new model for a more
faithful description of the electrokinetic transport of REEs in weathering crusts that considers the
ionic size, which has previously been neglected. We reveal that the electrokinetic transport of heavy
REEs (HREEs) is faster than that of light REEs (LREEs) in weathering crusts, which is contrary to
the predictions of conventional models. Our model was validated experimentally by measurements
of the electrokinetic transport of two LREEs (La and Sm) and an HREE (Er) in weathering crusts.
The speed of electrokinetic transport follows the order Er > Sm > La. Our findings suggest that
the ionic size is a non-negligible factor affecting the electrokinetic transport of REEs in weathering
crusts containing nanochannels. This work offers a constitutive model to describe the electrokinetic
transport of REEs in weathering crusts, which promotes both theoretical developments and practical
applications of EKM.

Keywords: rare earth elements; electrokinetic mining; transport model; weathering crust; ionic size

1. Introduction

Rare earth elements (REEs) are a group of 17 strongly related elements that comprise
the lanthanide group, scandium (Sc), and yttrium (Y). Due to their unique physicochemical
properties, REEs play a pivotal role in emerging high technologies, such as high-capacity
batteries, high-performance catalysis, functional nanomaterials, and renewable energy [1,2].
REEs can be categorized as light (LREEs) and heavy REEs (HREEs), and HREEs have
been gaining increasing attention from countries worldwide due to their irreplaceability in
national security applications and aerospace manufacturing [3–5]. HREEs are primarily
mined from ion-adsorption deposits (IADs), which support 95% of global demand [6,7].

The primary hosting repository of IADs is the weathering crust, in which REEs ex-
ist in a hydrated cationic state and are adsorbed by clay minerals, e.g., kaolinite and
halloysite [8–10]. The adsorbed REEs can be recovered by leaching, and ammonium salts
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are the most commonly applied leaching agents. So far, pond leaching, heap leaching, and
in situ leaching have been the most common techniques for IAD mining [11,12]. How-
ever, governmental restrictions tend to be imposed on these techniques because of several
drawbacks, including grievous environmental damage, low recovery efficiency, and long
leaching time [7,13–15].

Various methods have been proposed to sustainably recover REEs from weathering
crusts, for example, replacing ammonium salt with magnesium salt, microorganisms, and
microbial metabolisms [16–20]. A new REE mining technique, electrokinetic mining (EKM),
was developed in our previous study [21–23]. By utilizing an external electric field to
facilitate REE migration, the EKM technique can boost the effectiveness of REE retrieval
and decrease the use of harmful chemicals. Despite the success of EKM in REE mining and
many other practical applications, including metal recovery [24–26], drug delivery [27],
soil remediation [28–30], and slurry dewatering [31–34], there is, as yet, no accurate model
of electrokinetic transport. The existing conventional model fails to predict the transport
diversity of LREEs and HREEs as observed in experiments (Figure S1).

Electrokinetic transport is a synergy among electromigration, electroosmosis, and elec-
trophoresis [35–37]. Additionally, flow and solute-transport processes in actual weathering
crust are coupled with electrolysis and geochemical reactions, which further increases the
complexity of modeling [29,30]. Acar and Alshawabkeh established constitutive relations
to quantify the electrokinetic flux of the aforementioned processes [38–40]. Similar models
have been developed for various applications, and their results are promising [41–43].
Currently, the most common and widely used transport model is the convection–diffusion
equation, which can well describe the effects of diffusion, convection, and geochemical
reactions on the transport of ions [44]. Further studies of the microscopic pore structure and
the flow path of solution revealed complex pore structures and blind areas in weathering
crusts that influence the transport path of ions and are inclined to form a dominant flow.
The transport of ions in the non-flowing and flowing zones in porous media was identified
by the two-region model (TRM) [45]. Moreover, to couple the adsorption kinetics and
adsorption isotherms, the one-site sorption model (OSM) and two-site sorption model
(TSM) were proposed to distinguish transient and equilibrium adsorption reactions. In
the OSM, the adsorption of ions in the weathering crust soil was a relatively slow process
and the adsorption behavior followed the adsorption kinetic equation [46]. However, in
the TSM, the adsorption reaction was divided into transient adsorption and equilibrium
adsorption, and the adsorption behavior followed the multiply effect in adsorption kinetics
and isotherms [47]. Meanwhile, to consider the scale of the experiment and hydrological
conditions of the weathering crust soil, modular 3-dimensional transport models were
also conceived [48].

However, their prediction accuracy drops when they are applied to studying REE
transport in weathering crusts. The challenges are twofold: on the one hand, weathering
crusts are typically low-permeability porous media (LPPM) containing nanoscale pores
and channels (Figure 1), which imposes strong nanoscale effects that lead to the failure of
traditional models [49–51]; on the other hand, LREEs and HREEs exhibit vast differences in
transport and adsorption/desorption characteristics, and these are rarely considered in the
existing models because REEs are considered to have similar physicochemical properties
in most cases. Although the ionic valence and surface charge (i.e., zeta potential) have
been studied in previous modeling efforts [38,39,52], the influence of the ionic size on the
electrokinetic transport has not yet been addressed, especially in LPPM. Thus, a suitable
weathering-crust transport model is required to distinguish the behaviors of different REEs
in response to microscale features.
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Figure 1. Schematics of electrokinetic transport of REEs in weathering crust containing nanoscale
channels.

In this study, we developed a new transport model that accounts for the lanthanide
contraction effect, a characteristic that is exclusive to REEs. This phenomenon causes the
atomic and ionic radii to decrease from La to Lu, allowing for a more accurate portrayal
of the electrokinetic transport of REEs and their interactions with nanoscale pores in
weathering crusts. The predictions made by the newly proposed model are in good
agreement with the experimental results. Intriguingly, we revealed that the electrokinetic
transport velocities of HREEs and LREEs were the opposite of what might be expected
when considering the influence of the ionic size, highlighting the importance of the ionic
size to the electrokinetic transport of REEs in weathering crusts. This work provides a
fundamental model for describing the electrokinetic transport of REEs in weathering crusts
and will promote the development of both the theoretical bases and practical applications
of EKM.

2. Materials and Methods
2.1. Materials

The weathering crusts were collected from the topsoil of a weathering profile in
Maofeng Mountain (113.46◦ E, 23.30◦ N), Guangzhou, China. Samples were naturally dried
at 298.15 K and crushed to pass through a 0.9 mm mesh for the removal of roots and sand
before being used. The REE stock solutions were obtained by dissolving their correspond-
ing nitrates with deionized water. Lanthanum (III) nitrate hexahydrate [La(NO3)3·6H2O,
99.99%], samarium (III) nitrate hexahydrate [Sm(NO3)3·6H2O, 99.99%], erbium (III) nitrate
hexahydrate [Er(NO3)3·6H2O, 99.99%], yttrium (III) nitrate hexahydrate [Y(NO3)3·6H2O,
99.99%], and ammonium sulfate [(NH4)2SO4, 99.99%] were purchased from Aladdin Indus-
trial Co., Shanghai, China.
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2.2. Electrokinetic Transport Experiments with REEs in Weathering Crust

The electrokinetic experiments were carried out using a homemade setup (Figure 2)
containing a cuboid soil chamber [(50 × 4 × 4) cm3], a receiving tank, and a power supply
equipped with a DC stabilizer (5A32V, Lodestar, Shenzhen, China). Initially, 1000 g of
the weathering crust was put into the soil chamber and compressed to a height of 4 cm,
achieving a bulk density of 1.20 g/cm3. Then, 200 mL of deionized water was pumped into
the soil chamber to prewet the weathering crust, achieving a water content of ~20%. Two
graphene electrodes were placed on each side of the soil chamber to act as the anode and the
cathode. The electrodes were drilled, producing numerous 0.5 mm holes to allow the REE
solution and water to flow through them. The electrodes and the soil were separated by
geotextile to prevent soil particles from being washed out. After this, a series of LREE (La
and Sm) and HREE (Er) solutions were added to the anodic chamber, the height of which
was kept at 4.5 cm (slightly higher than the height of the soil sample, i.e., 4 cm) by using
a constant-pressure bottle. Finally, the system was subjected to an applied electric field
with a voltage gradient of 100 V·m−1. The REE concentrations at different positions (P1, P2,
P3, and P4, with distances from the anode of 1.5, 16.5, 31.5, and 46.5 cm, respectively) in
the weathering crust were detected at various time intervals and analyzed by inductively
coupled plasma optical emission spectrometry (ICP-OES).
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2.3. Adsorption Experiments

The adsorption performance of the weathering crust for LREEs and HREEs was
evaluated based on adsorption isotherms, which were performed at a pH of 5.5 (the natural
pH of topsoil) and an ambient temperature of 25 ◦C. In a typical batch model, 5 g of each
sample was dispersed into 50 mL of working solutions containing a series of REE (La,
Sm, and Er) concentrations (50–500 mg/L). After complete adsorption for 6 h, 1 mL of
the supernatant was separated from the system using a 0.22 µm membrane filter. The
equilibrium concentrations before and after adsorption were determined by ICP-OES
analysis. All adsorption experiments were repeated in triplicate, and the mean values and
standard deviations of these values are presented. The adsorption amount at equilibrium
(qe, mg/kg) was calculated according to:

qe =
(c0 − ce)× V

m
, (1)

where c0 and ce (mg/L) are the REE concentrations in solution before and after adsorption,
respectively, V (L) is the REE solution volume, and m (kg) is the soil weight.

The adsorption data were fitted with the Langmuir isotherm model to calculate the
saturated maximum adsorption capacity. The Langmuir isotherm model assumes that the
adsorption proceeds by the formation of a monolayer, meaning that no further adsorption
occurs once the adsorbate has been adsorbed at a particular site. The Langmuir isotherm
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model was applied to calculate the maximum adsorption capacities of the weathering crust
for three REEs (La, Sm, and Er). The relationship is expressed as:

ce

qe
=

1
qm

ce +
1

qmKL
, (2)

where qm represents the maximum adsorption capacity of the adsorbent (mg/g) and KL
is the Langmuir constant (L/mg). The experimental values of qm and KL were calculated
from the slope and intercept of the linear plot of ce/qe against ce.

2.4. Column Leaching Experiments

Column leaching experiments were conducted using an acrylic column (inner diameter
6 cm, column length 15 cm), into which 350 g of the weathering crust was placed and
compacted to a height of 10.5 cm (particle density 1.2 g/cm3). Deionized water was initially
pumped upward through the column using a peristaltic pump to flush the weathering
crust sample until a steady-state flow was established. Approximately 4.5 L of deionized
water was consumed before initiating the transport experiments. Then, 10 L of each REE
solution (La, Sm, and Er; 100 mg/L) was introduced downward into the packed column
with a hydraulic head of 3 cm. The REEs were then transported through the column with a
flow velocity of around 3 mL/min. The leachates were collected at various time intervals
and measured using ICP-OES to determine the REE concentrations. Breakthrough curves
were then obtained by plotting dimensionless effluent concentrations (c/c0, where c and c0
are the influent and initial concentrations, respectively) of the REEs as a function of time.

2.5. Analytical Methods

X-ray diffraction (XRD) measurements were taken on a Bruker D8 Advance diffrac-
tometer (copper source, 40 kV and 40 mA); patterns were collected over an angular range of
3–80◦ 2θ with a step size of 0.01◦ and a scan speed of 5◦/min. Scanning electron microscopy
(SEM) images were acquired by using a Hitachi SU8010 microscope (Hitachi, Tokyo, Japan),
and the samples were coated with gold to increase their electrical conductivity. The REE
concentrations were measured by ICP-OES using an Agilent 730 spectrometer (Agilent,
California, USA). The solid samples were first dried in an oven at 378.15 K and then ground
into powder to pass through a 0.74 µm mesh. A total of 1 g of each pretreated sample
was added into a 15 mL centrifuge tube containing 10 mL of 0.2 mol/L (NH4)2SO4. The
mixture was allowed sufficient reaction time in a shaker for 12 h or overnight. After this,
the mixture was centrifuged, and the supernatant was filtered through a 0.22-µm filter
membrane before being acidified with ultrapure concentrated nitric acid (1% v/v). The
bulk density (ρb) of the weathering crust was measured by the cutting-ring sampling
method. Briefly, after weighing, soaking, and drying, the soil bulk density was calculated
according to:

ρb =
m1 − mh

100 + 100 × D
, (3)

where m1 (g) is the initial weight of the soil sample including the cutting ring, mh (g) is the
weight of the cutting ring, and D (cm3) is the volume of the cutting ring, respectively. The
total porosity (ϕ) of the weathering crust was calculated according to the measured bulk
density (ρb) using:

∅ =

(
1 − ρb

ρ

)
× 100%, (4)

where ρ is the specific gravity of the soil (g/cm3). The real tortuosity (τ) can be obtained by
averaging over all possible configurations for flow path in porous media. For simplicity, this



Minerals 2024, 14, 360 6 of 15

work roughly considers two idealized configurations, i.e., some particles are overlapped
and the others are not. The averaged tortuosity is thus expressed as Equation (5):

τ =
1
2

1 +
1
2

√
1 −∅+

√
1 −∅

√(
1√

1−∅ − 1
)2

+ 1
4

1 −
√

1 −∅
,

 (5)

As such, the τ is a function of porosity only. The diffusion coefficients (Di) in infinitely
dilute solution and ionic radii (r) of REEs are discussed the literature [39,53].

3. Results and Discussion
3.1. Construction of the Electrokinetic Transport Model

To quantify the electrokinetic transport of species under an electric field, we adopt
the framework proposed by Alshawabkeh and colleagues [40]. Considering a solution at
infinite dilution, the equation for ionic electromigration is:

vsolution = µiE, (6)

where vsolution (m·s−1) is the electromigration velocity of an ion, µi (m2·V−1·s−1) is the ionic
mobility of an ion, and E (V·m−1) is the electric potential (i.e., the applied voltage gradient
between the anode and the cathode). The ionic electromigration in LPPM is expressed as:

vLPPM = µi
*E, (7)

where µi
* (m2·V−1·s−1) represents the ionic mobility of an ion in LPPM.

In the conventional models, µi
* has been modified to include the effective properties—

porosity (ϕ) and tortuosity (τ)—of LPPM:

µi
∗ = ϕτµi (8)

where ϕ and τ are nondimensional constants that can be determined by experiments.
Based on the Nernst–Townsend–Einstein relation, µi can be estimated using the molecular
diffusion coefficient Di and expressed as:

µi = Di
ZF
RT

(9)

where Di (m2·s−1) is the diffusion coefficient of an ion in solution at infinite dilution, Z
is the ionic valence, F (C·mol−1) is Faraday’s constant, R is the universal gas constant
(8.314 J·K−1·mol−1), and T (K) is the absolute temperature. The ionic mobility (µi

*) and
electromigration velocity (vLPPM) of an ion in LPPM are:

µi
* = ϕτDi

ZF
RT

(10)

vLPPM = ϕτDi
ZF
RT

E =
ϕτZFE

RT
Di (11)

As mentioned above, for electrokinetic transport of REEs in weathering crust con-
taining large numbers of nanochannels, the effect of the ionic size cannot be neglected.
Mobile ions with larger effective radii are expected to experience greater resistance than
those with smaller effective radii, and this will likely result in lower ionic mobilities and
electromigration velocities. To include the effect of the ionic size on the electrokinetic
transport of REEs in weathering crust, µi

* is further modified by introducing the effective
ionic radius factor (αr):

µi
** =

ϕτµi
αr

, (12)
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where αr is a nondimensional constant to represent the effect of the ionic size.
The relation for describing the electromigration velocities (v*

WC) of REEs in weathering
crusts is modified accordingly:

v*
WC = ϕτ

DiZF
αrRT

E =
ϕτZFE
αrRT

Di (13)

Previous studies have suggested that the magnitude of mass transport by electromi-
gration is often at least an order of magnitude higher than that induced by electroosmo-
sis [38,39], and mass transport by electrophoresis is negligible in most cases [29]. Thus, the
impacts of ionic size on electroosmosis and electrophoresis are not discussed here.

3.2. Precidition Results of REE Transport by Electrokinetic Transport Models

The electrokinetic transport of REEs in weathering crust can be predicted based on
the above relations. As shown in Table 1, in an infinitely dilute solution, the diffusion
coefficient Di decreases from La (0.619 × 10−9 m2/s) to Yb (0.582 × 10−9 m2/s), to Sc
(0.574 × 10−9 m2/s) and Y (0.550 × 10−9 m2/s). According to the conventional model
[Equation (10)], the ionic mobility in weathering crust also decreases from La
(16.568 × 10−9 m2/Vs) to Yb (15.578 × 10−9 m2/Vs), to Sc (15.364 × 10−9 m2/Vs) and Y
(14.722 × 10−9 m2/Vs) [Figure 3a]. The same trend holds for the electromigration velocities
(assuming 100 V·m−1 of applied voltage gradient) of REEs in weathering crust based on
Equation (11) [Figure S2a]. The electrokinetic transport of REEs in weathering crust is pre-
dicted to show similar behavior as that in bulk solutions. This is because all REEs are subjected
to the same conditions, including electric potential (E), temperature (T), soil porosity (ϕ), and
tortuosity (τ), and both the electromigration velocities (vLPPM) and effective ionic mobilities
(µi

*) of REEs in weathering crusts depend only on their diffusion coefficients Di according to
the conventional models [Equations (10) and (11)]. Generally, according to the conventional
models, the electrokinetic transport of LREEs (La–Eu) in weathering crusts should be faster
than that of HREEs (Gd–Lu, Sc, and Y). However, the conventional models neglect the impact
of the ionic size on the electrokinetic transport of REEs in weathering crusts.

Table 1. Diffusion coefficients (Di) in infinitely dilute solution and effective ionic mobilities (µi
*) of

REEs in weathering crust as predicted by the conventional and newly proposed (modified) models.

REEs Di × 109

m2/s
Ionic radius

Å
Conventional µi

* × 109

m2/Vs
Modified µi

* × 109

m2/Vs

La3+ 0.619 1.18 16.568 14.041
Ce3+ 0.620 1.14 16.595 14.557
Pr3+ 0.617 1.14 16.515 14.487
Nd3+ 0.616 1.12 16.488 14.722
Pm3+ ND 1.10 ND ND
Sm3+ 0.608 1.09 16.274 14.930
Eu3+ 0.602 1.07 16.113 15.059
Gd3+ 0.597 1.06 15.980 15.075
Tb3+ ND 1.04 ND ND
Dy3+ 0.582 1.03 15.578 15.124
Ho3+ 0.589 1.02 15.765 15.456
Er3+ 0.585 1.00 15.658 15.658
Tm3+ 0.581 0.99 15.551 15.708
Yb3+ 0.582 0.98 15.578 15.896
Lu3+ ND 0.97 ND ND
Sc3+ 0.574 0.87 15.364 17.660
Y3+ 0.550 1.02 14.722 14.504

Note: ND indicates that there is no Di value recorded for this REE.
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The transport properties of REEs in weathering crusts may be different from those in bulk
solutions. Due to lanthanide contraction, the effective ionic radii of REEs decrease from La
(1.18 Å) to Lu (0.97 Å). The effective ionic radii of Sc and Y are 0.87 and 1.02 Å, respectively. We
adopted the values of effective ionic radii of REEs as nondimensional parameters αr to evaluate
the effects of ionic size. Based on the modified model [Equation (12)], the ionic mobilities of
REEs in the weathering crust are predicted to increase from La (14.041 × 10−9 m2/Vs) to Yb
(15.896 × 10−9 m2/Vs), and to Sc (17.660 × 10−9 m2/Vs) [Figure 3b]. According to Equation
(13), the electromigration velocities (assuming 100 V·m−1 of applied voltage gradient) of
REEs in the weathering crust are also predicted to increase from La (1.404 × 10−6 m/s) to Yb
(1.590 × 10−6 m/s), and to Sc (1.766 × 10−6 m/s) [Figure S2b]. Interestingly, the predictions
of the modified model [Equations (12) and (13)] are completely contrary to those of the
conventional model [Equations (10) and (11)], i.e., HREEs transport faster than LREEs in
weathering crusts. Moreover, the electrokinetic transport of REEs in weathering crusts is
different from that in bulk solutions, highlighting the impact of the ionic size. There is an
anomaly in the electrokinetic transport of Y because the diffusion coefficient and effective
ionic radius of Y are different from those of the lanthanides (La–Lu). Sc displays the highest
ionic mobility (17.660 × 10−9 m2/Vs) and electromigration velocity (1.766 × 10−6 m/s),
and this is probably due to it having the smallest effective ionic radius (i.e., 0.87 Å) among
the REEs.

3.3. Experimental Validation of the Electrokinetic Transport Model

To validate the predictions of the proposed model, electrokinetic transport experiments
were carried out with REEs in an actual weathering crust. The weathering crust was
collected from a granite weathering profile on Maofeng Mountain, Guangzhou, China.
The porosity (ϕ) and tortuosity factor (τ) of this weathering crust were 0.3099 and 0.6774,
respectively (Table 2). Its main minerals were quartz, kaolinite, and halloysite (Figure 4).
The initial ion-exchangeable REE concentration in the weathering crust was 206.62 mg/kg
(Table 2). The reason for choosing a natural weathering crust was that the adsorption of
REEs on the clay minerals of the weathering crust would have reached equilibrium during
the long-term formation of the IAD.
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Table 2. Properties of the weathering crust sample for electrokinetic experiments. Unit: mg/kg.

REE La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu ΣREE

Cont. 49.64 45.01 10.84 54.73 8.74 1.16 5.25 0.48 4.17 20.08 0.79 2.39 0.10 2.85 0.40 206.62

Porosity 0.3099 Tortuosity factor 0.6774 Mineral composition quartz kaolinite halloysite

The experimental setup is illustrated in Figure 5a, and more details are presented in the
Methods Section. Two LREEs (La and Sm) and one HREE (Er) with the same concentrations
(200 ppm) were used as representative REEs and transported through the weathering
crust under an electric field (100 V·m−1). The variations of REE concentrations at different
positions (P1, P2, P3, and P4 from the anode to the cathode) in the weathering crust were
monitored at various time intervals. Notably, the REE concentrations at P1–P3 were in
the order Er > Sm > La at all electrokinetic treatment times [Figure 5b–d], suggesting that
the electrokinetic transport velocity of the HREE (Er) is faster than those of the LREEs (La
and Sm); this is consistent with the predictions of the newly proposed model [Figure 3b
and Table 1]. The REE concentrations at P4 are not presented because La and Sm were not
detected within the experimental period (0–144 h). To estimate the electrokinetic transport
velocities of the REEs, we analyzed the migration distances of their leading edges over
time. Experimentally, we determined these distances by monitoring the REE concentrations
at various locations within the weathering crust. If the concentration exceeded zero, we
inferred that the REE had surpassed the measuring point [42].
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The transport distances of all three REEs (La, Sm, and Er) displayed a nearly linear
progression with electrokinetic treatment time [Figure 5e], suggesting a constant REE
migration velocity. The mean transport velocities for La, Sm, and Er were calculated to
be 0.2188, 0.3129, and 0.6300 cm/h, respectively, clearly demonstrating that the HREE
transported faster than the LREEs. These experimental results confirm that the trend in
the REE electrokinetic transport velocities in weathering crust is opposite of that in bulk
solutions, and the newly proposed model can distinguish the transport diversity of LREEs
and HREEs. Notably, the inversion of the expected electrokinetic transport velocities of
LREEs and HREEs highlights the impact of the ionic size.
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Figure 5. Experimental results of electrokinetic transport of La, Sm, and Er in weathering crust.
(a) Setup of the electrokinetic experiments. (b–d) Variations of REE concentrations in P1, P2, and P3
as a function of time. (e) Electrokinetic transport distances of La, Sm, and Er in weathering crust as a
function of time.

3.4. Influence of Adsorption

The inverted electrokinetic transport velocities may raise concerns about varying
adsorption rates in the weathering crust for LREEs and HREEs. It is possible that if the
weathering crust absorbed more LREEs, the HREEs would move at a faster rate than the
LREEs. To address this potential influence on the electrokinetic transport of REEs, we
conducted batch adsorption experiments for La, Sm, and Er using the weathering crust
(see methods for experimental details). The resulting adsorption isotherms are displayed
in Figure 6a. Previous studies have suggested that the adsorption of REEs in weathering
crusts fits the Langmuir model best when compared with other isothermal models [54].
Based on the Langmuir model, the maximum adsorption capacities of the weathering crust
for La, Sm, and Er were calculated to be 1.66, 2.12, and 2.42 mg/kg, respectively (Table 3),
suggesting that more HREEs than LREEs will be adsorbed by the weathering crust. This
result supports the idea that LREEs transport faster than HREEs in weathering crusts; it is,
however, inconsistent with the experimental results.
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Figure 6. Adsorption properties of the weathering crust for REEs. (a) Adsorption isotherms for La,
Sm, and Er with Langmuir-model fitting. (b) Breakthrough curves of La, Sm, and Er.

Table 3. Parameters of the Langmuir isotherm model for REE adsorption on the weathering crust.

REE
Langmuir Model

Qmax (mg/g) KL (L/mg) R2

La 1.6614 0.0148 0.9681
Sm 2.1236 0.0174 0.9751
Er 2.4160 0.0140 0.9476

It is noted that the batch adsorption experiments were carried out in bulk solutions
(5 g of the weathering crust sample was dispersed in centrifuge tubes containing 50 mL
solutions with a series of concentrations of REEs), which involves a different adsorption
process from that occurring when the weathering crust is in a compacted state. As such,
breakthrough experiments (i.e., column leaching with REE solutions under natural gravity)
were performed to investigate the adsorption of REEs on weathering crust that was confined
in a column (see methods for experimental details). The leachates were collected at certain
time intervals and analyzed to determine the REE concentrations.

The breakthrough curves [Figure 6b] show that the collected REE concentrations
in the leachates were in the order La > Sm > Er at any given leaching time, and the
breakthrough times were 2400, 2800, and 3200 min for La, Sm, and Er, respectively. These
results suggest that similar to the trend observed with bulk solutions, the adsorption of
HREEs in the weathering crust is higher than that of LREEs even though the weathering
crust is in a compact state. Consequently, adsorption by the weathering crust is excluded
from the possible reasons for the reversal of the order of LREE and HREE electrokinetic
transport velocities.

3.5. Mechanism for the Electrokinetic Transport Diversity between LREEs and HREEs

The mechanism that results in the mobility diversity of LREEs and HREEs in an electric
field is discussed below. Theoretically, the migration of REEs in an electric field and a
low-permeability porous media can be regarded as driven by a combination of forces of
electric field (Felect) and viscous resistance (Fresist) where Felect and Fresist can be calculated
by Equation (14) and Equation (15), respectively. As driven by the combined forces, REEs
will initially transport at an accelerated speed before reaching a constant velocity when
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Felect = Fresist, which is the equilibrium migration rate (VE, m/s) of REEs. As such, the VE of
REEs can be calculated according to Equation (16).

Felect = EQ = Enq|Z| (14)

Fresist = 6πηrVE (15)

VE =
Eq|Z|
6πηr

(16)

where E (V/m) is the electric field intensity, Q (C) is the charge quantity, n is the number of
REEs, q (≈1.60 × 10−19 C) is the quantity of elementary charge, Z is the valence that is +3
for all REEs, η (Pa·s) is the dynamic viscosity, and r (nm) is the effective ion radius.

According to Equation (16), the migration rate of REEs is positively correlated with
the electric field intensity and the valence of REEs, but it is negatively correlated with the
dynamic viscosity and effective ion radius of REEs. As LREEs and HREEs are subjected
to the same electric field and have the same valence, the migration rates are negatively
related to their ion radii and dynamic viscosity. The dynamic viscosity of each REE in the
weathering crust soil is related to the soil parameters (e.g., porosity ϕ and tortuosity τ)
and diffusion coefficients Di in an infinitely dilute solution. Consequently, the equilibrium
migration rate (VE,) of each REE is jointly determined by the ion radius and diffusion
coefficient of an REE, in line with the proposed transport model. Considering the lanthanide
contraction, HREE generally transports faster than LREE.

Note that REEs migrate in the form of hydrated, inorganic, and/or organic complexes
in weathering crusts and the effective ion radius is affected by various factors. For example,
speciation studies [55,56] of REEs in aqueous fluid at ambient temperatures and neutral pH
suggest that the smaller HREEs (Gd-Lu) favor an 8-fold hydration sphere (the coordination
number (CN) = 8), whereas the larger LREEs (La-Eu) and Y favor 9-fold coordination
(CN = 9). Therefore, the radius of the hydrated or complex REE should be considered when
evaluating the mobility of REEs in an electric field.

4. Conclusions

To summarize, our findings demonstrate that the electrokinetic transport of REEs
in the nanochannels of weathering crusts is influenced by their ionic size, leading to a
reversal of the expected order of electrokinetic transport velocities for HREEs and LREEs.
We have developed a new transport model that considers the lanthanide contraction effect,
providing a more precise description of REE electrokinetic transport in weathering crusts
and distinguishing between the mobility of different REEs. Additionally, we excluded
the influence of weathering crust adsorption on different REEs through batch adsorption
and breakthrough experiments. Our research offers a constitutive model to depict the
electrokinetic transport of REEs in weathering crusts, contributing to both theoretical ad-
vancements and practical uses of EKM for REE recovery. For example, we can design
mining parameters and set collection sites for recovering REE based on the precise predic-
tion of REE transport. By comprehending REE fractionation during electrokinetic transport,
we can potentially separate and pre-enrich LREEs and HREEs. Additionally, this enhances
our understanding of transport physics in nanoscale channels, providing opportunities
to enhance the utilization of electrokinetic technology. Understanding element transport
as well as the controlling factors in porous media not only has important implications
for interpreting some geochemical behaviors, such as element cycling, enrichment, and
fractionation, but also provides fresh insights for manufacturing as it can be applied to
diverse fields, such as chemical separation, drug delivery, soil remediation, and nanodevice
fabrication. Note that, the newly proposed model focuses on REE transport in weathering
crusts. Further studies should be carried out in different media to evaluate the universality
of the proposed model.
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